ABSTRACT: Kesterite Cu 2 ZnSnS 4 (CZTS), having only earthabundant elements, is a promising solar cell material. Nevertheless, the impact of the SnS secondary phase, which often forms alongside CZTS synthesis at high annealing temperature, on CZTS solar cells is poorly studied. We confirm, by means of X-ray diffraction, Raman scattering, and energy dispersive X-ray spectroscopy mapping, that this phase tends to segregate at both the surface and the back side of annealed CZTS films with Cu-poor and Zn-rich composition. Using electron beam-induced current measurements, it is further demonstrated that the formation of SnS on the CZTS surface is harmful for solar cells, whereas the SnS phase can be beneficial for solar cells when it segregates on the CZTS rear. This positive contribution of SnS could stem from a passivation effect at the CZTS/SnS rear interface. This work opens new possibilities for an alternative interface development for kesterite-based photovoltaic technology.
T o attain low material cost for solar cell technology, kesterite Cu 2 ZnSnS 4 (CZTS)-based material has attracted tremendous attention in the past years because of its all earth-abundant elements. To date, the record efficiency of CZTS solar cells has reached 9.5%. 1 Nevertheless, further enhancement of this technology is required in order to target above 15% efficiency level for industrial implementation. One main issue that inhibits the improvement of CZTS solar cells is the understanding of the influence from the secondary phases. Since most of the CZTS solar cells with highest efficiency have Zn-rich composition, 2 and since it was suggested that Sn-rich composition can limit the surface decomposition of CZTS at high annealing temperature, 3 the current CZTS film is usually prepared under Cu-poor and Zn-rich composition. This leads to formation of ZnS and SnS secondary phases being most commonly seen and reported in the literature. 4−6 The effect of ZnS segregated at CZTS interfaces on solar cells has already been intensively studied. For instance, by intentionally controlling Zn flux via thermal evaporation to segregate ZnSe phases, Hsu et al. found that ZnSe was harmless if situated on the back side of CZTSe but detrimental on the surface of Cu 2 ZnSnSe 4 . 7 In contrast, studies on the impact of SnS phases on CZTS solar cells are scarce. A wet etching process was developed by Xie et al., and removal of Sn(S,Se) phases on the surface of Cu 2 ZnSn(S,Se) 4 films was shown to improve solar cell performance. 8 Because the etchant solution can simultaneously react with the CZTSSe surface when etching Sn(S,Se), these effects are difficult to separate.
The aim of this Letter is to explore the impact of SnS phases on CZTS solar cells. We exploited electron beam-induced current (EBIC) measurements to investigate the role of the SnS phase in CZTS solar cells. The merit of this approach is to provide a direct comparison of the local electrical property of the solar cell with and without the appearance of SnS. To complement this electrical measurement and to achieve a better correlation, we also performed material characterization to determine the locations of SnS in CZTS films. The results demonstrate that SnS segregation on the back side of CZTS films can potentially increase the short-circuit current (J sc ) of the CZTS solar cells.
The CZTS films investigated in this work were prepared from reactive cosputtering of CuS, Zn, and Sn targets, to a uniform thickness of 700 nm and a composition of Cu/Sn = 1.8 and Zn/Sn = 1.1. The as-sputtered film was then annealed at about 560°C for 10 min under 350 mbar static Ar within sulfur excess environment. A standard solar cell structure of Al-doped ZnO (210 nm)/i-ZnO(80 nm)/n-type CdS(60 nm) was used including KCN etching of the absorber after annealing. More details can be found elsewhere. 9 Lastly, Ni/Al/Ni front contact was evaporated on top of the device for electrical characterization and EBIC measurements. The mechanically scribed solar cell device of 0.5 cm 2 had an efficiency of 3.9%. Figure 1c presents the EBIC measurement from the top-view configuration as indicated in Figure 1a . When this is compared to the CZTS matrix in the EBIC image, additional darker and brighter areas can be noticed. To determine the origin of these features, EDS mapping was recorded on the area indicated by the blue rectangle in Figure 1c . It can be confirmed that the area with poorer (dark) EBIC signal is attributed to a Sn-rich and Zn-rich phase, while the area with stronger (bright) EBIC signal results from a Sn-rich phase. A further resolution of S K and Mo L energies allows us to deduce that the EBIC features come from the SnS phases, since the distribution of sulfur is homogeneous over the examined area. It is not unexpected to observe a uniform Zn signal spanning the entire sample because the solar cell stack is terminated with a ZnO layer.
To verify the formation of SnS, we investigated the bare CZTS absorber after annealing. Figure 2a shows the comparison of X-ray diffraction (XRD) patterns of the annealed CZTS films, with Bragg−Brentano and grazing incidence (GIXRD) configurations. As indicated by the small intensity of the Mo peak in Figure 2a , the angle of GIXRD allowed the measurement of the entire CZTS film. It is noticeable in Bragg−Brentano XRD that besides the Mo and CZTS phases, the orthorhombic SnS phase can be detected, with the peaks at 31.9°(004) and 66.7°(008). These two peaks vanished in GIXRD, suggesting that the SnS phase might be textured. To locate SnS in the CZTS film, Raman scattering was performed on both the surface and back side of the CZTS film. To preserve the features at the CZTS rear, we glued the CZTS film to another glass substrate and mechanically lifted it off at the interface of CZTS/MoS x . The inset of Figure 2b displays an apparent phase contrast from optical microscopy on the MoS x / Mo substrate after CZTS removal. Raman scattering ( Figure  2b) shows that the bright zones in the optical image, which coincide with places with enhanced and reduced EBIC signals in Figure 1c , are attributed to SnS (main vibrational mode at 187, 157, and 221 cm −1 ). The surrounding ( Figure 2b , orange curve) is clearly identified as MoS x . The shape of SnS is a dendrite structure rather than a complete platelike appearance. By correlating the coverage of brighter areas in Figure 1c and Figure 2b , we find that the calculated coverage percentage of about 1−2% matches very well ( Figure S2 ), implying that SnS on the back side of CZTS films could be the reason for the increased EBIC signal. Figure 2c shows the cross-sectional EDS mapping of the CZTS absorber, revealing that the thickness of the segregated SnS phases on the CZTS rear is 200 ± 50 nm, while those on the CZTS surface are above 1 μm ( Figure S3 ). The SnS phase on the CZTS rear could cause a lateral variation of the effective CZTS thickness, as we observed that the thickness of the CZTS layer on top of SnS could change from 450 to 700 nm depending on the positions for SEM images (see Figures S3, S4 , and 2c). Furthermore, we also noticed in Figure 2c that SnS has a densely packed layer structure, which agrees with the analysis of the XRD pattern in Figure 2a that the orthorhombic SnS formed in the annealed CZTS film likely has a preferential orientation along the [001] direction. According to EDS mapping on the CZTS cross section, we cannot find an apparent SnS phase formed in the bulk CZTS. Therefore, within the limitation of characterization techniques, the combined results from EDS mapping, Raman scattering, and XRD measurements lead us to conclude that SnS locates only at the interfaces in the CZTS solar cell.
It is interesting to note from the EBIC measurements how the influence of SnS on CZTS solar cells is connected to its position. As indicated by the dark area in Figure 1c , the thick SnS phases formed on the CZTS surface behave as dead areas for the solar cell, because no EBIC current can be extracted from these places. SnS is a p-type solar absorber material; therefore, it is expected that this phase can respond to the EBIC measurement, as was reported recently. 10 The reasons for the results in Figure 1c could be that either the collection of charge carriers in the SnS phase is extremely poor, because of a missing electrical field and/or a very limited electron diffusion length in SnS, or that the SnS phase was poorly integrated in the solar cell (e.g., edge of SnS or SnS/CZTS contact). The dead areas induced by the SnS phase on CZTS surface agree with the observation that the J sc of the solar cell can be improved when these phases were removed by (NH 4 ) 2 S etching. 8 Nevertheless, SnS has the potential to be beneficial for the J sc of the solar cell when it is formed on the CZTS rear. To understand this behavior, we repeated the experiment by preparing a CZTS film of about 650 nm with composition similar to that of the samples studied in Figure 1 . The respective EBIC measurements on the final solar cells are shown in Figure 3a . It is important to note that the effect of the SnS phase on CZTS solar cell is repeatable. It can be found in Figure 3b that the EBIC signal from the brighter zones is about 30% higher than that from the CZTS matrix, which gives an indication of the level of J sc enhancement of the solar cell that could possibly be obtained.
To gain deeper insight behind the positive influence of SnS on CZTS rear, cross-sectional EBIC measurement of the CZTS solar cell was conducted. At first sight, we notice several characteristics from the overlay image of SEM and EBIC in Figure 3c : (i) SnS on the surface and back side of the CZTS film contributes no EBIC current, and (ii) the EBIC signal seems stronger on the CZTS film that is above SnS than the film that is directly above MoS x . (See more EBIC images in Figure S5 .) Figure 3d illustrates the normalized EBIC profiles that are extracted from the marked areas in Figure 3c . It can be noted that the EBIC signal becomes stronger in CZTS when SnS is present beneath CZTS. This is consistent with the observation from top-view EBIC in Figure 3b , demonstrating that the CZTS film on top of SnS has better charge carrier collection. In addition, one can note that there is a peak toward the end of all EBIC profiles, which originates from the tilted sample stage. However, the artificial peak could indicate that the back contact was reached, i.e., either SnS or MoS x , which we will use as a boundary for the EBIC analysis. As already indicated in Figure 1b , the cross-sectional EBIC profile can be treated as a one-dimensional convolution of the lateral generation profile g(x, A) at the irradiance position A and the collection function f(x) in the x direction perpendicular to the normal of the cross-sectional surface. Therefore, we can analytically simulate the EBIC profile to match with the experimental data for further analysis. The details of EBIC simulation are explained in the Supporting Information. Figure 3e presents the analytically simulated EBIC profiles corresponding to the data in Figure 3d (the color represents the respective positions in Figure 3c,d) . The fitted electron diffusion length in CZTS (L e ) and the space charge region width (SCR) are in good agreement with our previous thickness study of the CZTS films with comparable composition and literature reports. 9, 11, 12 Furthermore, we find that the back contact recombination velocity (S bc ) for position 2 is about 3 orders of magnitude lower than that for position 3. Note that the thickness of the CZTS film assumed for position 2 is thinner (450 nm) than that of position 3 (600 nm) based on the consideration of the CZTS thickness variation in Figure  2c . The EBIC simulation suggests that SnS improves the charge carrier collection by means of reducing S bc . Because of the necessity of varying CZTS thickness for the EBIC fitting in Figure 3e , it is important to take a closer look at the effect of CZTS thickness in correlation to the S bc on EBIC simulation. In Figure 3f , it is demonstrated that a decrease in S bc , in particular with the given L e and SCR in Figure 3e , affects the charge carrier collection. On one hand, this implies that if the CZTS thickness is altered due to SnS, it is possible that the EBIC profile shows limited difference (see dashed black and solid red curves in Figure 3f) . Nonetheless, when the effective CZTS thickness is uniform regardless of SnS formation at the CZTS rear, the number of collected charge carriers should deviate significantly because the effect of S bc will dominate [see solid and dashed black (red) curves in Figure 3f ], which should result in evident contrast in the EBIC signal. The above discussion could explain the variation of the EBIC contrast in Figure 3b . Moreover, we find that after cross-sectional EBIC profiles in Figure 3f are integrated, the total EBIC current for small S bc (dased line) is about 10% and 20% higher than for high S bc (solid line) for 450 and 700 nm thick CZTS, respectively. This presumed increment is comparable to the top-view EBIC result in Figure 3b , which shows 30% enhancement of EBIC signal on areas with SnS appearing at CZTS rear. The detailed and integral EBIC analysis strongly suggests that SnS improves the charge carrier collection in CZTS possibly owing to reduction in S bc at the CZTS/SnS rear interface. Nevertheless, another possibility, which is difficult to confidently separate from reduction in S bc , could be that the presence of SnS may alter the bulk defect properties of CZTS in the vicinity of the SnS phase giving a change in L e , as indicated by the error of the fitted result in Figure 3e . It is interesting now to understand how the SnS phase on the CZTS rear can be beneficial for the solar cell. Considering the reported indirect optical band gap of about 1.1 eV for p-type SnS and the narrowed band gap of 1.3 eV for p-type CZTS (e.g., resulting from potential fluctuations), 13, 14 we can sketch the isolated band structure of the possible p−p heterojunction at the CZTS/SnS interface in Figure 4a . The anticipated spikelike conduction band offset (ΔCBO, typically >0 eV) at this interface is in accordance with theoretical calculations and comparisons of the CBO offsets for CdS/CZTS and CdS/ SnS. 15−17 If CZTS connects to SnS as seen in Figure 4a , the spikelike CBO would limit electron transport toward the back contact, giving a passivation effect. For this, a comparable valence band maximum of SnS to CZTS is also required to equalize the Fermi level at the thermal equilibrium. In fact, the true band edge of orthorhombic SnS, particularly when it is integrated to solar cell devices, remains under debate because the band gap derived from quantum efficiency of SnS solar cells is usually about 1.3 eV, 18−20 which is higher than the commonly reported indirect optical band gap of 1.1 eV. 14 Another possibility for the band edge variation could be structural disorder, which includes the influence from either the defect constitution (such as defect pairs in SnS, analogous to CZTS 2), or a mixture of SnS polymorph like cubic SnS phase (band gap of above 1.5 eV 21, 22 ) within a nanoscale size that is enough to shift the band edge close to the interface. As a result, the CZTS/SnS interface could behave as a mirror to reflect the electrons back toward the front contact of the CZTS solar cell, as drawn in Figure 4b .
One important aspect that we cannot discard is that the real operation of a solar cell is different from the EBIC measurement because of the difference in the generation of electron−hole pairs. The generation of charge carriers during operation of a solar cell depends on the optical absorption. In fact, our preliminary optical simulation (not shown here) also reveals that when SnS is present on the CZTS rear, the back surface reflection of the near-infrared light could be enhanced, leading to a slight increase of the light absorption in CZTS. Such results further indicate that SnS might be useful in facilitating light management of the solar cell. Nevertheless, it is still important to improve and control the quality of the bulk CZTS. The spontaneously segregated SnS phase from CZTS film could reversely alter the local composition of CZTS, causing lateral structural inhomogeneities. The net effect of the influences from the poor CZTS bulk and from the beneficial CZTS/SnS rear interface can still result in overall deterioration of the solar cell performance.
The demonstrated and discussed CZTS/SnS interface properties indicate that a careful control of the grown SnS phase is crucial. It is notable via EBIC measurement that the spontaneously formed SnS on the CZTS surface should be eliminated, while SnS should be controlled on the CZTS rear. Formation of SnS on the CZTS surface could stem from the process conditions 8 and CZTS composition. 3 It has been shown that both etching with (NH 4 ) 2 S solution and using thermal evaporation during the annealing process are effective approaches for removing SnS on CZTS surface. 8 Regarding the CZTS rear, SnS could form due to the initial CZTS composition 23 as well as the back contact decomposition. 24 Therefore, to control the SnS formation on the CZTS rear, efforts to develop suitable CZTS composition and to passivate the back contact are required. Nonetheless, to better underline the passivation effect of SnS on CZTS and to further improve the interface properties in CZTS-based technology in general, it is a prerequisite to provide a solid basis of high-quality CZTS phase. In summary, the influence of the SnS secondary phase on CZTS solar cells is investigated via EBIC measurements. It is found that the SnS phase appears only on the surface and back side of CZTS films. SnS phases on the CZTS surface introduce dead areas to the solar cell, whereas SnS can be beneficial for the J sc of the solar cell when it appears on the CZTS rear. This contribution of SnS could result from a passivation effect at the CZTS/SnS back side interface. Our findings are of importance to the potential interface development for thin-film photovoltaics with earth-abundant material.
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